At the present time, there are a number of measurements of B-decay observables that disagree with the predictions of the standard model. These discrepancies have been seen in processes governed by two types of decay: (i) b → sµ + µ − and (ii) b → cτ −ν . In this talk, I review the experimental results, as well as the proposed new-physics explanations. We may be seeing the first signs of physics beyond the standard model.
Introduction
The development of the standard model (SM) in particle physics is one of the great triumphs in all of physics. The SM has made a great many predictions, almost all of which have been verified, including the existence of the Higgs boson. There is no question that the SM is correct.
However, there are many reasons to believe it is not complete, such as the large number of arbitrary parameters, the hierarchy problem, the matter-antimatter asymmetry in the universe, dark matter, etc. In order to address these issues, there must be physics beyond the SM. We don't know what the new physics (NP) is, nor where it is, so we have to search for it in all possible ways:
• Direct searches: in high-energy experiments, one task is to look for the production of new particles. Unfortunately, to date, such searches have revealed nothing. No SUSY, no direct dark matter detection, no new particles.
• Indirect searches: here the idea is to look for virtual effects of new particles. This method has been more promising.
2 B-Decay Anomalies
b → s transitions, which have ∆Q em = 0, are flavour-changing neutral-current (FCNC) processes. In the SM, these can arise only at loop level. One such FCNC decay is b → sµ + µ − , the diagram for which is shown in Fig. 1 . The SM amplitude is suppressed by loop factors and small elements in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix:
Processes whose rates are small in the SM are excellent places to search for NP. Indeed, there are a number of measurements of observables involving b → sµ + µ − that disagree with the predictions of the SM:
• The measured branching ratios of B → K * µ + µ − [1] and B s → φµ + µ − [2] have been found to be smaller than the predictions of the SM. Here there are significant theoretical uncertainties, related to the poorly-known values of the hadronic form factors [3] [4] [5] .
• Deviations from the SM expectations have been found in measurements of the angular distribution of B → K * µ + µ − [6] [7] [8] [9] , particularly in the angular observable P 5 [10] .
Here, the form-factor uncertainties are smaller than for the branching ratios [11, 12] , but they are still important.
• LHCb has measured
Using the Run 1 data (2014) [13] , for 1 ≤ q 2 ≤ 6 GeV 2 , where q 2 is the dilepton invariant mass-squared, it was found that
The SM prediction is R SM K = 1 ± 0.01 [14] . This measurement disagrees with the SM at the level of 2.6σ, suggesting a violation of lepton universality.
At the Rencontres de Moriond, 2019, LHCb presented new R K results [15] : (i) the Run 1 data were reanalyzed using a new reconstruction selection method, and (ii) the Run 2 data were analyzed. The results are
Combining the Run 1 and Run 2 results gives
The central value is closer to the SM prediction, but, due to the smaller errors, the discrepancy with the SM is still ∼ 2.5σ.
LHCb has also measured
finding [16] 
Compared to SM predictions, these correspond to discrepancies of 2.4σ and 2.5σ.
At the Rencontres de Moriond, 2019, Belle announced its measurement of R K * [17] :
Although the central values are closer to the SM predictions, the errors are considerably larger than in the LHCb measurement.
• On average, older measurements of the branching ratio of B s → µ + µ − were in agreement with the prediction of the SM [18] [19] [20] . However, a new measurement by ATLAS disagrees with SM by 2.4σ [21] . Combining all results leads to tension of ∼ 2σ with the SM.
There are therefore quite a few measurements of observables that are in disagreement with the predictions of the SM. All of these involve the decay b → sµ + µ − , which suggests trying to explain the data by allowing NP to contribute to this decay. The model-independent starting point is the effective Hamiltonian
where O 9(10) = [sγ µ P L b][μγ µ (γ 5 )µ], and the primed operators have L → R. The Wilson coefficients include both SM and NP contributions: C X = C X,SM + C X,NP . Performing a combined fit to all the data, in the simplest scenarios it is found that the data can be explained if 3
with a pull of close to 6σ(!). (I note in passing that scenario (ii) involves purely left-handed NP.)
b → cτ −ν
There is another set of observables whose measurements also exhibit discrepancies with the SM. They involve the decay b → cτ −ν . This is a ∆Q em = 1 process, and proceeds in the SM via tree-level W exchange, see Fig. 2 . The amplitude is given by where |V cb | 0.04. Before the Rencontres de Moriond, 2019, BaBar, Belle and LHCb measured the quantities
, ( = e, µ) .
Their measurements exhibited discrepancies with the predictions of the SM. Combining R D and R D * , the deviation was ∼ 3.8σ [28] . At Moriond, 2019, Belle announced new results [29] :
These results are in better agreement with the SM, so that the deviation from the SM in R D and R D * (combined) has been reduced from ∼ 3.8σ to 3.1σ [28] . LHCb has also measured
finding
Here the discrepancy with the SM is 1.7σ [31] . The discrepancies in R D , R D * and R J/ψ are hints of τ -µ and τ -e universality violation in b → c −ν , and suggest the presence of NP in b → cτ −ν decays.
Models of New Physics
For the b → sµ + µ − anomalies, there are two classes of NP models that contribute to the decay at tree level, and can explain the data. The first class involves a new Z boson (see Fig. 3 ). The Z must have a FCNC coupling tosb and must couple to µ + µ − . The model can follow scenarios (i) or (ii) [Eq. (8)]. A great many Z models have been proposed (far too many to list here). Some combine explanations of the B anomalies with other weaknesses of the SM, such as dark matter, (g − 2) µ and neutrino masses.
The second class of NP models involves leptoquark (LQ) exchange (see Fig. 3 ). There are several different types of LQ that can explain the b → sµ + µ − data. All fit within scenario (ii) of Eq. (8 (purely LH NP) [32] .
Turning to b → cτ −ν , there are three types of NP whose contributions to this decay could explain the data: (1) a new W boson, (2) a charged Higgs boson, and (3) a leptoquark (see Fig. 4 ). However, the H − is disfavoured by (theoretical) constraints from B − c → τ −ν τ [33] , leaving the W or (several different types of) LQ as NP explanations. Here, the NP couplings can be left-handed (LH) and/or right-handed (RH).
Distinguishing NP Explanations
As we have seen, there are several NP explanations for the anomalies in b → sµ + µ − . But this raises the question: how can we distinguish among them? One way is to look at CP violation in B → K * µ + µ − [32] . Now, CP violation is generated by the interference of (at least) two amplitudes with different weak phases. In the presence of NP, this can arise due to SM-NP interference. Here the signal is not direct CP violation, but rather CP asymmetries in the angular distribution. The key point here is that SM-Z and SM-LQ interferences are different, leading to different CP-violating effects. Thus, by measuring CP violation in B → K * µ + µ − , one can differentiate the NP models.
The situation is similar for the NP explanations of the b → cτ −ν anomalies. By looking at CP violation in B → D * τ −ν (and also in B → D * µ −ν ), one can distinguish NP models [34] . Once again, the signal involves CP asymmetries in the angular distribution. The measurement of CP violation in these decays allows us to differentiate the W and LQ models. It also provides information about the LH/RH NP couplings.
Simultaneous explanations of
Now, (c, s) L is a doublet of SU (2) L . This suggests that, if the NP coupling is purely LH, b → s and b → c transitions are related. It should therefore be possible to find NP that can simultaneously explain both the b → sµ + µ − and b → cτ −ν anomalies [35] .
There are two classes of models that, in principle, can do this:
• A new triplet of vector bosons (W ± , Z 0 ). The W and Z contribute respectively to b → cτ −ν and b → sµ + µ − .
• A LQ of charge Q em = 2 3 . It couples tobµ + andsµ + (for b → sµ + µ − ) and tobτ + and cν τ (for b → cτ −ν ).
It is found [36] [37] [38] [39] that, when all constraints are taken into account, including those from direct searches at the LHC, the (W ± , Z 0 ) model is excluded. But the LQ model is viable!
Summary
The SM is certainly correct, but it is not complete: there must be physics beyond the SM. Recently, there have been several measurements of observables that are in disagreement with the predictions of the SM:
• b → sµ + µ − : These include many observables involving this decay. Some are clean, while others have important theoretical uncertainties. Global fits allowing for NP in b → sµ + µ − find improvements over the SM at the level of close to 6σ. NP Models with an extra Z or with different types of LQs have been proposed as explanations.
• b → cτ −ν : here there are several clean observables, with a net deviation from the SM of ∼ 3σ. These can be explained in models with an extra W or with different types of LQs.
It is of course possible that these discrepancies with the SM are all statistical fluctuations, and will go away with more data. This said, their combined statistical significance is sizeable ( > ∼ 4σ), so they will not disappear soon. Hopefully, we are indeed seeing the first experimental signals of NP.
